In the past few decades, continuous intervention with the environmental landscape in the form of land use practices (water diversions, deforestation, local agriculture practices, industrialization etc.) in the Haridwar district of Uttarakhand, India, has impacted the region on various accounts. This is likely to be further aggravated in view of the increasing variability in the weather condition. Thus, there is urgent need felt to quantitatively asses the future climatic scenario for initiating and effectively undertaking the adaptation strategies for safe and sustained agricultural growth. For undertaking this study, PRECIS RCM data was downloaded for Roorkee grid station for the period . This PRECIS RCM data was biased corrected by merging two different bias correction methods which involves correcting mean and standard deviation simultaneously. Observed and bias corrected daily data was tested for their significance at 95% probability of occurrence employing various statistical methods such as correlation coefficient, mean bias error, normalized mean squared error, and Z and F statistical tests. These tests revealed that the difference between the observed and bias corrected PRECIS RCM data was insignificant. Trend analysis was done using MannKendall's test and Theil Sen's Slope. Analysis of the bias corrected data revealed that the Roorkee station will, in general, record increasing trends in rainfall (at 5.83 mm/year), maximum temperature (at 0.05°C/year), and minimum temperature (at 0.04°C/year). This indicates that by 2090 AD present normal rainfall of 1006 mm/year will rise to 1447 mm/year; maximum temperature of 30.1°C will rise to 33.9°C and minimum temperature of 17.5°C will rise to 20.5°C by 2090. This weather scenario cautions at the future agronomic practices for sustained productivity. Grain yield of rice cv. crop is grown with the existing soil and crop management conditions, rice productivity of Haridwar in general will decrease 31.7 kgs/ha/year. This could be attributed to the climate change and decreased rice yields from increased maximum temperature. In the case of RCP 2.6 and RCP 4.5, the effect of CO 2 on grain yields is more pronounced compared to RCP 6.0 and RCP 8.5. With the higher CO 2 concentrations (above 450 ppm), the rice crop cv. Sharbati did not show much CO 2 fertilization effect. DSSAT CERES rice simulations under climate change and higher CO 2 concentrations showed that the yields will decline with the advancing climate change but CO 2 intervention will compensate the loss in yield.
Introduction
Increased concentration of anthropogenic greenhouse gases (GHG) has led to climate change and has emerged in the world as a key concern environmentally and economically. The alarmingly increasing GHG concentrations results in increased temperature and thereby influencing the cyclic pattern of weather condition. In addition to the normal changes, the frequency of occurrence of extreme weather events has also been influenced due to greenhouse gases (Ahsan et al. 2010; Yu et al. 2010) . The Intergovernmental Panel on Climate Change (IPCC) in its fourth assessment report (AR4) states that the world overindustrialization has caused the planet to warm by about 1°C in the twenty-first century (Solomon et al. 2007 ). Doubling of carbon dioxide emission in the atmosphere was caused due to biotic and abiotic reasons; this trend is projected to be further intensified and may cause increase in global warming by about 3°C (Harley et al. 2006 ). This climatic changes directly or indirectly affect the agricultural sector and the productivity is also likely to be adversely affected (Gornall et al. 2010; Roudier et al. 2011) . The agrarian countries like India are worse hit with such changes where 52% of the livelihood comes from agriculture sector and its allied activities. Agriculture GDP's contribution to Indian economy is 18.1% as per 2016 statistics (Srivastava et al. 2016) . Based on over hundred years of data collected by the India Meteorological Department (IMD) over the Indian region have shown warming of about 0.5°C per 100 years in an all-India average basis (Subash et al. 2013) . Future projections of climate change using regional climate model, run by the Indian Institute of Tropical Meteorology (IITM) with different IPCC emission scenarios, indicate the temperature increase of about 3-5°C by turn of the century (Kumar et al. 2006) .
In the past few decades, changes in the environmental landscape of Haridwar District (Uttarakhand, India) in the form of changes in the land use practices (water resource diversions, deforestation, intensified agriculture practices, industrialization etc.) have caused large-scale impacts on the climate variability in the region. Tripathi et al. 2007 using the weather data for the period 1979-2008 reported a rise in average temperature at 0.025°C/year for Roorkee (Haridwar District) station ). This change process is expected to be further accelerated in the future. Therefore, there is a need to quantify the climate change process of a given location and simulate the amplitude and develop local adaptation strategies for sustained growth of agriculture.
Data Institute of Tropical Meteorology) , is a very good tool for long-term weather projection of a given location. The high resolution in PRECIS RCM as compared to General Circulation Models (GCM) gives detailed information on the vulnerability to climate change of a site (Grotch and MacCracken 1991; Fowler et al. 2007; Maraun et al. 2010; Field et al. 2014) . Therefore, PRECIS RCM data was used to predict rainfall (mm), maximum temperature (°C), and minimum temperature (°C) for Haridwar district of Uttarakhand India for the period 1979-2090. Although the PRECIS RCM model-simulated results present the future climate scenario, but it is substantially different from the actual. The difference could be minimized using bias correction methods such as linear correction approach (Lenderink et al. 2007 ), non-linear correction approach (Leander and Buishand 2007) , γ distribution correction approach (Hay et al. 2002) , and empirical distribution correction approach (Wood et al. 2002) .
Climate change impact on crops can be studied using crop simulation models which are found to be effective means to translate the field conditions onto your desktop with various options to modify and also analyze the effect of various climatic factors on crop growth and yield. DSSAT models (Decision Support System for Agro technology Transfer) have been widely used for yield gap analysis, decision making and planning, strategic and tactical management decisions, climate change impact studies etc (Jones et al. 2003) . In India, several studies have used DSSAT for impact assessment of climatic change (Rao et al. 2016; Srivastava et al. 2016; Singh et al. 2017) . DSSAT model was evaluated under various scenarios for rice crop and observed that the actual and simulated yields did not show much deviation (Satapathy et al. 2014) .
Everywhere, there is an emphasis on climate change and CO 2 also has a major role to play in such a scenario and therefore it is necessary to evaluate CO 2 elevation for the coming years. With this objective, the future weather for Haridwar district was forecasted using PRECIS RCM, given as weather input to CERES Rice model under four RCP emission scenarios to study their impact on rice grain yield for the period 2014-2090.
Methodology
PRECIS RCM data (rainfall, maximum temperature, and minimum temperature) was obtained from the Indian Institute of Tropical Meteorology (IITM), Pune in binary format. This data is converted into netcdf format using FORTRAN program and thereafter the daily data of rainfall, maximum temperature, and minimum temperature was extracted for Roorkee location (29 o 52′ N and 77 o 54′ S) for the period 01/01/1979-31/12/2090 using Arc GIS 9.3. PRECIS RCM daily weather data is available for 360 days/year considering 30 days per month only. Therefore, the daily data was adjusted to match the Gregorian calendar days/month taking average ofthe last five days of the months and accounting the same for the 31st day. No adjustment was made for the months having only 30 days/month. February is either 28 or 29 days/month, therefore one or two days were deleted from the data of 30 days. Data for the period 1979-2008 was used for calibration; data for the period 2009-2013 was used for validation; whereas, the data for the period 2014-2090 was bias corrected and used for climate and crop yield forecasting.
2.1 Steps adopted for bias correction of PRECIS RCM data are described below: 2.1.1 Correction for standard deviation (Leander and Buishand 2007) 
where P SD corr =Bias corrected precipitation or temperature (daily/monthly) P obs =Mean daily observed precipitation or temperature P rcm =Mean daily PRECIS precipitation or temperature σ(P obs )=Standard deviation of the observed precipitation or temperature σ(P rcm )= Standard deviation of the PRECIS precipitation or temperature P i =Daily or monthly precipitation or temperature of PRECIS data 2.1.2 Correction for mean (Hay et al. 2002 )
Correction for other biases
In the first step, there is chance of generating negative values which is not desirable especially in the case of precipitation and even in temperatures where it is either abnormally high or low. In order to check such biases, the following conditions were employed. The precipitation data of a given day was programmed in such a way that the negative values were automatically replaced with zero.
Statistical evaluation
Calibrated and validated data was evaluated by adopting normalized root mean square error (NMSE, mean bias error (MBE) Z test, forecast accuracy (FA), ratio score, or hit score). Using all the above-mentioned evaluation measures, the forecast is verified and further climate change assessment was done using Mann-Kendall's trend test (MKTT).
Trend analysis
To assess future climate change, it is necessary to observe the variability and magnitude of change. To assess the trend and its magnitude, MKTT (Mann 1945; Kendall 1946 ) is used, which is one of the widely used non-parametric tests to detect significant trends in time series, along with Theil Sen's slope estimator (Sen 1968; Theil 1992) . MKTT, being a function of the ranks of the observations rather than their actual values, is not affected by the actual distribution of the data and is less sensitive to outliers.
RCP CO 2 emission scenarios
The representative concentration pathways (RCP) is a database that documents the emissions, concentrations, and land-cover change projections. The documentation of RCPs can be found at the website https://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome#intro. The RCP 2.6 (Van Vuuren et al. 2007 ) is representative for scenarios in the literature leading to very low greenhouse gas concentration levels. It is a so-called Bpeak^scenario: its radiative forcing level first reaches a value around 3.1 W/m 2 mid-century, returning to 2.6 W/ m 2 by 2100. In order to reach such radiative forcing levels, greenhouse gas emissions (and indirectly emissions of air pollutants) are reduced substantially over time.
The RCP 4.5 (Smith and Wigley 2006; Clarke et al. 2007 ) is a stabilization scenario where total radiative forcing is stabilized before 2100 by employment of a range of technologies and strategies for reducing greenhouse gas emissions.
The RCP 6.0 (Fujino et al. 2006; Hijioka et al. 2008 ) is a stabilization scenario where total radiative forcing is stabilized after 2100 without overshoot by employment of a range of technologies and strategies for reducing greenhouse gas emissions.
The RCP 8.5 (Riahi et al. 2007 ) is characterized by increasing greenhouse gas emissions over time representative for scenarios in the literature leading to high greenhouse gas concentration levels. The underlying scenario drivers and resulting development path are based on the A2r of IPCC scenarios.
Bias corrected PRECIS RCM weather data for the period 2014-2090 was arranged in DSSAT format for generating a weather file. Daily solar radiation data for the period 01/01/ 2014-31/12/2090 uses the Hargreaves and Samani Method. This solar radiation generation was verified in the previous article (Pranuthi and Tripathi 2011) .
The X build module which is the experimental module of DSSAT takes the data of crop management practices. This module contains data about field operations (planting, harvesting, irrigation, fertilization, and residue placement) which are specified by the users. The crop management practices adopted by most of the farmers of Haridwar district of Uttarakhand were used for running the model. The data was collected by organizing farmer meetings and interacting with them personally. The planting date was set to 7th July as 80-90% of transplanting in the study area is completed by 1st week of July. Irrigations of 100 mm per irrigation are given at every 15-20 days interval to avoid stress over the crop. As far as fertilizer management is concerned, 100 kgs/ha of nitrogen is given as input and for remaining nutrients the model is not sensitive to them.
Results and discussion

Calibration and validation of PRECIS RCM bias corrected data
The PRECIS original data (RCM) was biased from the observed data which made it unusable for further studies. So, to make it usable, the bias correction methods had to be employed for reliable crop yield forecasts. For calibration, weather data from 1979 to 2009 was selected as training set. The bias corrected data was evaluated using various statistical measures and the evaluation results between observed, RCM predicted and bias corrected RCM data during the calibration period are presented in Standard deviation of observed, RCM predicted and bias corrected RCM average annual rainfall are 5.7, 8.6, and 5.8°C respectively. Standard deviation of observed, RCM predicted and bias corrected RCM average annual rainfall are 7.0, 8.9, and 7.15°C respectively. The MBE of RCM predicted rainfall, maximum, and minimum temperatures from the observed values is − 19.2 mm, and 1.0 and 1.8°C respectively. The MBE of bias corrected rainfall, maximum, and minimum temperatures from the observed values is 2.9 mm, and − 0.04 and − 0.03°C respectively. The NMSE calculated between observed and RCM predicted rainfall, maximum, and minimum temperatures is 0.007, 0.15 and 0.08 respectively. The NMSE calculated between observed and bias corrected rainfall, maximum, and minimum temperatures is 0.008, 0.1 and 0.05 respectively. The results from t-test and F test showed that the RCM predicted rainfall data is significantly different from the observed data.
During validation period (2010-2013) the observed, RCM predicted, and bias corrected RCM average annual rainfall are 1249.4 mm, 863.7 mm and 1237.5 mm respectively ( Table 2 ). The observed, RCM predicted, and bias corrected RCM mean maximum temperatures are 29.9, 31.7, and 29.8°C respectively. The observed, RCM predicted, and bias corrected RCM mean minimum temperatures are 18.3, 19.4, and 18.4°C respectively. Standard deviation of observed, RCM predicted, and bias corrected RCM average annual rainfall are 168.9, 115.5, and 182.9 mm respectively. Standard deviation of observed, RCM The hit score calculated for RCM predicted and bias corrected RCM rainfall data during calibration and validation are given in Table 3 . The hit score for RCM predicted rainfall data and bias corrected RCM rainfall data during calibration period is 0.35 and 0.69 respectively. From this score, it is evident that there is improvement in the FA in bias corrected RCM (0.74) than the RCM predicted (0.69) rainfall data during validation period. The bias correction of mean and standard deviation resulted in decreased mean bias error. For maximum temperatures, the MBE was brought down from 1.0 to − 0.04 and for minimum temperatures, it is brought down from 1.8 to 0.03. Even NMSE was reduced to 0.10 from 0.15 and 0.05 from 0.08 in the case of maximum and minimum temperatures respectively. But in the case of rainfall, the NMSE increased from 0.007 to 0.008 but the MBE decreased from − 19.2 to 2.9. Even during validation period, bias correction decreased the MBE and NMSE of RCM data from 1.2 to 0.1 and 0.09 to 0.06 respectively for minimum temperature. MBE and NMSE for temperatures indicated that the bias correction method applied was good, which can also be applied for the remaining of the data. The applicability of bias correction method to rainfall data cannot be ascertained due to inconsistency in the values of MBE and NMSE.
The monthly hit score shows that bias corrected data FA is better during all the months during calibration period. Even during validation, the bias corrected PRECIS forecast showed higher hit rate than the original PRECIS data except for January, February, March, and May months but overall FA is higher for bias corrected PRECIS rainfall data. The bias correction method used in this study is a combination of two methods. The method suggested by (Hay et al. 2002) was used to bias correct rainfall and method suggested by (Leander and Buishand 2007) was used to bias correct maximum and minimum temperatures. The first method is used to correct the mean of precipitation and second method is used to correct coefficient of variation (CV) of maximum and minimum temperatures. Both these methods are combined to bias correct the mean and CV of rainfall, maximum, and minimum temperatures in this study. However, the method suggested in this research can be applied to bias correct any climatic parameter as such. The reduction in bias of PRECIS RCM data was reportedly decreased after employing various bias correction methods (Akhtar et al. 2009; Teutschbein and Seibert 2012) .
Mann-Kendall's trend analysis
Annual trend
Trend analysis of future rainfall, maximum, and minimum temperatures predicted by PRECIS RCM (Table 4) revealed that increase in annual rainfall and temperatures is significant. Theil Sen's slope estimated for PRECIS weather by 2090 is 5.828 mm/year, and 0.046 and 0.039°C/year for annual rainfall, maximum, and minimum temperatures respectively (Fig. 1) . After the completion of correction and trend analysis of PRECIS RCM data, it can be concluded that the rainfall would increase up to 450 mm and maximum and minimum temperatures by 3.6 and 3.0°C by the end of 2090.
Seasonal trend
The increase in rainfall (462 mm) during rainy months (Kharif) is more prominent and is likely to impact the yields of rice crop. Even the alteration in temperatures would affect the development of rice crop as it is expected that the temperature during the crop growth period (June-October) is likely to increase by 3.7 and 3.3°C for maximum and minimum temperatures respectively (Fig. 2) . The change in the rainfall amounts and temperature would also alter many other weather parameters such as humidity and evaporation wind speed. which would in turn directly or indirectly affect the crop growth and development. For Haridwar district, the PRECIS RCM predicted that annual rainfall, maximum, and minimum temperatures are likely to increase by 2090. Increasing GHG concentrations are the most probable reason that could be attributed to this increase. PRECIS RCM predicted that allIndia annual mean temperatures would increase by 3.5-4.3°C by the end of this century. Similarly, all-India annual precipitation would increase by 9-16% with negative trend towards south and western states according to a study done by (Kumar et al. 2006; Akhtar et al. 2009 ).
DSSAT CERES rice simulation under various RCP scenarios
Rice productivity was predicted for 2014-2090 presuming no constraint of insect pest and disease, soil fertility, water, and management constraint under various RCP predicted CO 2 emission scenarios, and its average per decade is presented in Table 5 . The simulation result showed that if the crop is grown with the existing soil and crop management conditions, rice productivity of Haridwar in general will decrease by 31.7 kgs/ha/year. The average grain yield of rice during 2020-2090 under present CO 2 scenario is 5586 kgs/ha. Under the present scenario, assuming no rise in atmospheric CO 2 concentrations, the rice productivity will decline with increasing temperature. The yield simulated by CERES rice indicated that the rice yield of Haridwar district would decrease by 2099 kgs/ha by the end of 2090. To estimate the role of climate in recent yield trends, we applied the regression models to observe the effect of weather parameters on grain yield. The yield weather regression equations at current CO 2 levels showed that the yield majorly depended on the maximum temperature. The decrease in rice yields with no CO 2 elevation (present emission scenario) could be attributed to the climate change and decreased rice yields from increased maximum temperature which has also been reported by (Seshu and Cady 1984) . Grain yield declined by 459.7 kgs/ha for each 1°C increase in growing-season maximum temperature, whereas the effect of minimum temperature on crop yield was insignificant (Peng et al. 2004 ).
In the case of RCP 2.6 scenario, the increase in atmospheric CO 2 concentration is 0.22 ppm/year; the yield decreased at 30 kgs/ha/year due to climate change. The step-down regression equations indicate that CO 2 concentrations had a positive effect on the rice grain yield while the negative effect of PRECIS RCM predicted maximum temperature is more evident than other weather parameters. In these equations, time is assumed as the technological advancements such as use of better varieties and inputs. But even it proved to have a negative impact on yields of rice crop, similar results have been obtained for RCP 4.5 scenario with positive impact of atmospheric CO 2 concentrations and maximum temperature and technology trend (time in years) have a negative impact. In the case of RCP 4.5 emission scenario, the atmospheric CO 2 increases at approximately 2 ppm/year but the yield decreases with a negative slope of 18.2 kgs/ha/year. According to RCP 6.0 and 8.5 emission scenarios, the atmospheric CO 2 concentrations increase at the rate of 3 and 6 ppm/year respectively. The effect of PRECIS RCM predicted maximum temperature is more pronounced, and the effect of atmospheric CO 2 and other weather parameters is negligible Table 6 . It is observed that at higher CO 2 concentrations the yield response to CO 2 is little.
The role of temperature and CO 2 on rice crop yields has been indicated through regression equations (Table 6) , so a graph (Fig. 3) showing relation between the cumulative grain yield (the grain yield simulated under various RCP scenarios are pooled) simulated under varying CO 2 concentrations and temperatures is drawn to understand completely their effect on yields. It is observed that the CO 2 has a positive effect on yields and increases the tolerance limits of the crop towards climate change especially increase in atmospheric temperatures (global warming) and leads to sustained yields. This CO 2 fertilization effect has also simulated for (Müller et al. 2015) in which 81% of the negative effect of climate change is by CO 2 fertilization effect. The yield increased with increasing CO 2 concentrations up to 32°C maximum temperatures. High temperatures and low CO 2 concentrations lead to decreased yield while the yields are sustained under higher temperatures and high CO 2 concentrations. But it is observed from the simulated data that response of the rice crop yield of Sharbati cultivar is less beyond 450 ppm and it further decreases with increasing CO 2 concentrations which is evident from the step-down regression equations given in Table 6 . This could be attributed to the acclimation process that occurs when crop is exposed for longer duration of higher CO 2 concentrations which is also reported in rice field experiments (FACE experiments) (Zhu et al. 2012; Tausz et al. 2013; Adachi et al. 2014 ).
Conclusion
The statistical bias correction method adopted to correct PRECIS RCM data was found suitable for bias correction with NMSE less than 0.1. Trend analysis of RCM data for the period 2014-2090 showed that the rainfall would increase at 6.005 mm/year, maximum temperature at 0.048°C/year, and minimum temperature at 0.043°C/year for Kharif season. DSSAT CERES rice simulations under various RCP CO 2 emission scenarios give an indication that up to certain extent of atmospheric CO 2 concentrations (approximately 450 ppm) the rice yields are positively impacted while the rice yields at higher CO 2 concentrations are not affected much, but the tolerance limit of the crop towards higher temperature are raised. This concludes that the higher CO 2 concentrations in the future will have a positive impact on rice crop especially in the case of grain yield of Sharbati cv. of Haridwar district of Uttarakhand. 397  402  407  411  416  420  425  428  430  432  435  437  439  441  442  442  443  450  458  466  474  481  490  499  507  516  525  530  532  546  567  590  612  662  725  801 Yield (Kgs/ha) CO 2 conc (ppm)
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